As a scientist, I often find myself chatting with friends and neighbors about the latest advances in neuroscience. In the past few years I have found more and more people asking about microbiota---the microorganisms that typically inhabit a bodily organ. In the last 10 years, I've been one of many neuroscientists advancing new ideas about how microbiota in the gut affects brain function. The media has taken notice as well. Recent stories on the gut-brain axis---among the most exciting new frontiers in neuroscience---include "Some of My Best Friends Are Germs" in the *New York Times Magazine* and "Gut Microbes Contribute to Mysterious Malnutrition" in *National Geographic*. In 2012, the editors of *Science* thought the research important enough to devote a special issue to the topic.

Why is the issue so fascinating? For one thing, it's heightened consciousness of how diet and nutrition impact our health. For another, it's sheer numbers. Our brains contain billions of neurons, but we less often talk about the fact that trillions of "good" bacteria are alive and well in our intestinal tracts. Remarkably, these naturally occurring, ever-present commensal bacteria may be instrumental in how our brain develops, how we behave, react to stress, and respond to treatment for depression and anxiety.

With such serious mental health implications to consider, there is substantial buzz among neuroscientists about the bidirectional nature of these seemingly infinite relationships. I am continually impressed by the creative ways that my colleagues are making discoveries, especially in how microbiota may influence the brain and the immune system during early life. And just last week researchers at UCLA found that regularly eating yogurt with probiotics, which contain "good" bacteria, seems to affect brain functioning in women.

Ups and Downs
=============

Scientists have recognized communication between the brain and the gut for more than 100 years, with studies in the early 19th and 20th centuries showing that a person's emotional state can alter the function of the gastrointestinal (GI) tract.[@b1-cer-09-13]--[@b3-cer-09-13] One of the best examples is the work of William Beaumont, an army surgeon, who became known as the "Father of Gastric Physiology." In the 1830s, Beaumont, who was able to monitor gastric secretions through a fistula (a permanent opening in the stomach wall), noted an association between changing moods and gastric secretions. In the mid-to-late 1900s, research examining stress biology and its impact on human health uncovered clear connections between an individual's stress response and gut function. This classical view of top-down control---that is, the brain's ability to control gut function---is supported by evidence revealing that the brain influences body systems, including the GI tract, through neural connections of the autonomic nervous system and through humoral systems in the bloodstream. Both of these communication pathways are activated in stressful situations and influence gut function. What is exciting and new is the consideration of bottom-up control---that is, how the gut, or more precisely the microbiota in the GI tract, can influence brain function. Researchers have recently shown that the presence of gut microbiota during early development influences the brain's neural connectivity related to anxiety and depression. Gut microbiota has been linked to behavior, to stress, and to stress-related diseases. Changes in gut microbiota may influence risk of disease, and manipulating microbiota may provide novel ways to intervene in clinical situations related to mood and anxiety disorders.

The Inside Story
================

Normal commensal microbiota colonizes the mammalian gut and other body surfaces shortly after birth and remains there throughout an individual's lifetime. In humans, the lower intestine contains 10^14^ to 10^15^ bacteria; that is, there are 10 to 100 times more bacteria in the gut than there are somatic cells in the human body.[@b4-cer-09-13] The interactions between commensal microbiota and its host are for the most part beneficial. In particular, the presence of commensal organisms is critical to immune function, nutrient processing, and other aspects of healthy physiology.[@b5-cer-09-13], [@b6-cer-09-13] Using the latest molecular and genetic tools, researchers have shown that several bacterial phyla are represented in the gut and that commensal populations show considerable diversity, with as many as 1,000 distinct bacterial species involved.[@b7-cer-09-13] In addition, factors such as genetics, age, sex, and diet continually influence the composition and profile of an individual's microbiota. [@b8-cer-09-13], [@b9-cer-09-13] In healthy people, there is considerable variability in gut bacterial composition, and yet if the same person's gut bacteria are examined at different times (a few months or more apart), they hardly change.[@b4-cer-09-13], [@b10-cer-09-13], [@b12-cer-09-13] But in stressful situations, or in response to physiological or diet changes, the microbiota profile may itself change, creating an imbalance in host-microbiota interactions. Such changes can affect the person's health.

Seeing the Light
================

Gut microbiota are important to healthy brain development. In particular, microbiota may influence the development of brain regions involved in our response to stress and control stress-related conditions such as anxiety and depression. In an attempt to understand these relationships, scientists manipulate gut bacteria in mice by raising germ-free mice in sterile isolators and then measuring the presence of gut bacteria. The isolator eliminates any exposure to outside air, contaminants, and commensal bacteria. Much of this work draws upon standard animal behavioral tests that measure activity, approach, and avoidance. Mice have a natural tendency to explore their environment while avoiding open and brightly lit areas. The elevated-plus maze, a behavioral apparatus that is elevated aboveground ([Fig. 1](#f1-cer-09-13){ref-type="fig"}), contains an area (with two closed and two open arms) for a mouse to explore. When a normal control mouse is placed in the maze, it tends to explore both arms but to spend most of its time in the closed one. When a germ-free mouse is removed from its sterile housing conditions and placed in the maze, it tends to spend significantly more time in the open arm. This suggests that mice without gut bacteria have low levels of anxiety-like behavior, since they spend more time in the aversive area of the testing apparatus.[@b13-cer-09-13], [@b14-cer-09-13]

Another behavioral test uses the light-dark box, which has a dark, closed area connected to a light open area ([Fig. 2](#f2-cer-09-13){ref-type="fig"}). A normal control mouse explores both the light and the dark chambers with a preference for the darker one. However, germ-free mice spend more time in the light side of the apparatus, again demonstrating that mice without gut bacteria have low levels of anxiety-like behavior because the light chamber is considered the aversive region in this test, and germ-free mice spend more time in the light chamber.[@b13-cer-09-13], [@b15-cer-09-13]

Germ-free mice have helped researchers explore whether there are particular times over a mouse's lifespan when microbiota-brain interactions are most important. Germ-free mice have been exposed to normal housing conditions at different times though their development. Exposure to normal housing conditions has revealed colonization of the sterile GI tract of germ-free mice with normal populations of gut bacteria. This also results in normalization of the undeveloped immune system that is present in germ-free mice. When adult germ-free mice were colonized with normal bacteria, they continued to show reduced anxiety-like behaviors, suggesting that the absence of gut bacteria early in development has a permanent effect on the brain wiring related to anxiety and exploratory behavior.[@b14-cer-09-13], [@b16-cer-09-13] In contrast, when germ-free mice were colonized early in life as pups or during adolescence and then tested in adulthood, normal anxiety-like behavior was observed,[@b13-cer-09-13], [@b15-cer-09-13] suggesting that microbiota influence the way the brain is wired early in development.[@b17-cer-09-13]

In addition to studying mice, researchers have used antibiotic treatment to manipulate gut bacteria. Exposure to antibiotics in drinking water has been shown to lead to reduced numbers of gut bacteria in mice and to a reduction in the diversity of the bacterial population.[@b18-cer-09-13] Consistent with work in germ-free mice, mice exposed to antibiotics for a single week showed increased exploratory behavior and reduced anxiety-like behavior, an observation that was linked to changes in the bacterial profile.[@b19-cer-09-13] Two weeks following the end of the antibiotic treatment, both the bacterial profile and the behavior returned to normal, suggesting that transient changes in gut microbiota can influence behavior.[@b19-cer-09-13]

On the Right Paths
==================

Having established connections among gut bacteria, the brain, and behavior, it is intriguing to consider the ways that microbiota may communicate with the brain. Certainly, classical thinking tells us that there are neural connections from the body to the brain through peripheral nerves, and, in particular, the vagus nerve, which provides information from the gut to the brain. Evidence that bacteria in the GI tract can activate the vagus connection to the brain comes from work showing that administering food-borne pathogens, such as *Citrobacter rodentium* and *Campylobacter jejuni*, to mice activated vagal pathways and related brain regions.[@b20-cer-09-13], [@b21-cer-09-13] This neural activation occurred in the absence of a peripheral immune response, suggesting the presence of a direct link between the bacteria in the gut and the nervous system. In a recent study, feeding healthy mice probiotics, or "good bacteria," decreased anxiety-like and depressive-like behaviors compared to control mice,[@b22-cer-09-13] while a related study showed that feeding mice probiotics activates neurons in the hypothalamus, a brain region known to play a role in stress reactivity.[@b23-cer-09-13] In the latter study, the activation of neurons in the hypothalamus was greater when mice were fed infectious bacteria leading to a robust peripheral immune response. This suggests that both peripheral nerves and blood-borne immune signaling molecules can contribute to gut-brain communication.[@b23-cer-09-13] At the level of the hypothalamus, the brain's autonomic nervous system control center, there is considerable evidence that psychological, physiological, and pathological challenges can activate the hypothalamus and turn on the body's stress response. It is fascinating that the communication pathways from gut microbiota to the brain also lead to activation of this key brain region.

While the above-noted work establishes a neural pathway from the gut to the brain, a second important pathway for communication is the immune system. The immune system has two components, the innate immune system and the adaptive immune system. In germ-free mice, the adaptive immune system is undeveloped. Since gut microbiota are essential for immune system development, germ-free mice can be considered to have a low level of inflammation. When we consider the link between inflammation and anxiety-like behavior, we observe that a low inflammatory state is associated with low anxiety-like behavior, whereas higher levels of inflammation lead to increased anxiety-like behavior.[@b17-cer-09-13] For example, infection with the parasite *Trichuris muris* in mice results in gut inflammation and increased anxiety-like behavior.[@b24-cer-09-13] In addition, chemically induced gut inflammation in an animal model of colitis also results in gut inflammation and increased anxiety-like behavior.[@b24-cer-09-13] Evidence that the microbiota acts as a modulator of this immune-related increase in anxiety-like behavior is provided in the same reports stating that treatment with probiotic *Bifidobacterium longum* alleviated the anxiety-like behavior.[@b24-cer-09-13],[@b25-cer-09-13] These observations suggest that probiotic treatment may have potential for treatment of inflammation and related anxiety symptoms.

Commensal bacteria play an important role in maintaining the integrity of the intestinal tract, and in situations of stress or disease, increased intestinal permeability can contribute to increased inflammation.[@b26-cer-09-13], [@b27-cer-09-13] Increased intestinal permeability, sometimes referred to as "leaky gut," can lead to translocation of bacteria out of the lumen of the GI tract across the intestinal layer. This is an additional pathway that microbiota and pathogenic bacteria use to communicate with the brain via the immune system or through activation of local neurons in the enteric nervous system (ENS). The ENS is a part of the autonomic nervous system that is housed in the gut and is responsible for gut motility and other normal gut functions.[@b28-cer-09-13] It is a vast network of neurons that are the first points of contact for microbiota in the intestinal lumen and are an important component of the brain-gut axis.

The Stress Factor
=================

One of the most common clinical features of depression is dysregulation of the stress response system, the hypothalamic-pituitary-adrenal (HPA) axis.[@b29-cer-09-13] As was previously noted, in response to psychological, physiological, and pathological challenges, neurons in the hypothalamus are activated and signal the pituitary to release adrenocorticotrophic hormone into the bloodstream, which in turn activates the adrenal gland to release the stress hormone cortisol. The stress response, or HPA activation, is part of our normal homeostatic processes, and yet, in depression, it is often overactive or, in some cases, underactive.[@b29-cer-09-13] One of the first studies considering stress and microbiota demonstrated that germ-free mice have an overactive stress response.[@b23-cer-09-13] A more recent study has shown that stress exposure during early life in rats disrupts the microbiota profile and leads to increased stress reactivity in adulthood.[@b30-cer-09-13] Importantly, in this study, treatment of rat pups with probiotic *Lactobacillus* sp. normalized stress hormone levels.[@b30-cer-09-13] Early-life stress also leads to increased depressive-like behavior in adult rats, and a similar study showed that treatment of rats exposed to stress during early life with the probiotic *Bifiodo infantis* reduced the depressive-like symptoms in adulthood.[@b31-cer-09-13] Overall these recent studies imply a link among microbiota imbalance, stress-related behaviors, and stress reactivity, and also suggest that probiotic treatment may be a good approach to treating stress-related symptoms.

To date, researchers have done little work related to stress and microbiota in humans, and in particular, there have been no studies that directly link microbiota to depression or anxiety. The most promising of the clinically related work shows that probiotic administration in people may have antidepressant or anxiety-reducing effects. In one study, healthy subjects were given probiotics for 30 days. Researchers used several questionnaires to test the effects of probiotics on stress, anxiety, depression, and coping. Their results showed that the probiotics group had less psychological stress than the control group did.[@b32-cer-09-13] In a separate study, researchers were able to show that healthy people with low mood at the beginning of the study showed improvement in mood following probiotic administration for three weeks.[@b33-cer-09-13] Finally, in a clinical study on individuals with chronic fatigue syndrome, administration of probiotics over a two-month trial resulted in fewer anxiety-related symptoms.[@b34-cer-09-13] These studies show that clinical trials to date support a role for microbiota in anxiety and depression, and also demonstrate the potential for treatment with probiotics.

Moving Forward
==============

There is no doubt that research in the last decade has established a link between gut microbiota and brain function in mice. We have learned several things: (1) gut microbiota are a large population that is important to healthy metabolism and brain function, (2) gut-brain communication pathways include neural connections, (3) gut microbiota are significant during early development and can influence the wiring of stress circuitry in the brain, and (4) probiotics, or "good bacteria," have been shown in animal and human studies to have a beneficial impact on mood symptoms. While these findings are both exciting and promising, we should not make the mistake of thinking that we have found the answers to all clinical situations related to mood. Microbiota---certainly an important modulator of health---must be considered as one component of a complex, multifaceted communication system needed to establish a healthy balance for brain development and function. The research is flourishing across the world as scientists strive to learn more. Stay tuned.

![The Elevated Plus Maze. This apparatus is elevated off the ground and consists of four black plexiglas arms in the shape of a plus. Two of the four arms are considered closed arms as they contain black plexiglas sides. The two open arms have small raised ledges situated along the perimeter. A test mouse is placed in the center of the apparatus and left to explore for five minutes. Infrared beams detect the placement and movement of the mouse. The elevated plus maze was connected to a computer that collected behavioral data using MotorMonitor software.](cer-09-13f1){#f1-cer-09-13}

![Light/dark Box. This apparatus---an automated infrared system containing clear a plexiglas activity chamber with a dark enclosed insert---is connected to a computer that records activity, also using MotorMonitor software. A test mouse is placed in the light side and left to explore for ten minutes. The small opening between the chambers allows access to both the light and dark chambers for the duration of the test.](cer-09-13f2){#f2-cer-09-13}

[^1]: **Jane A. Foster, Ph.D.**, is an associate professor in the Department of Psychiatry and Behavioral Neurosciences at McMaster University, and a member of the Brain-Body Institute, St. Joseph's Healthcare, in Hamilton, Ontario. Following completion of her doctoral work at the University of Toronto, she was a postdoctoral fellow at Henry Ford Hospital in Detroit, and then a research fellow at the National Institute of Mental Health. In 2003 Foster joined the faculty at McMaster, where her research program investigates the brain-gut axis. Recent work from her group has established a link between gut microbiota and behavior. Ongoing work investigates the importance of gut microbiota and immune-brain crosstalk in normal brain development and in the risk of psychiatric disorders, and eventually, the best ways to therapeutically target microbiota and the immune system in disease.
